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ABSTRACT 
Silica/Polypyrrole (SiO2/PPy) composites were synthesized in the presence of different 
counter anions as oxalate (Ox), benzoate (Bz) and dodecyl sulfate (DoS). The morphology and 
properties of composites were characterized by FTIR, EDX, SEM, TGA and CV method 
through the two-point-electrode. The synthesized composites were loaded in polyvinylbutyral 
(PVB) to develop coating for mild steel substrates. A comparative study of the corrosion 
protection efficiency of carbon steel coated with PVB and PVB containing composites was 
evaluated by measurement of open circuit potential (OCP), Tafel polarization and 
electrochemical impedance spectroscopy (EIS). It was found that SiO2/PPyOx could provide 




 and highest impedance 
modulus (6.25×10
-8
 Ω.cm-2) when compared with SiO2/PPyDoS and SiO2/PPyBz due to the 
small size and inhibitive ability of oxalate anion. 
Keywords: silica/polypyrrole, counter anions, corrosion protection, PVB coating. 
1. INTRODUCTION 
The serious consequences of the corrosion process have become a global problem which 
cost US$2.5 trillion per year, equivalent to roughly 3.4 percent of the global Gross Domestic 
Product [1]. Generally, the common way to protect or reduce the corrosion rate is coating on the 
metals or alloys surface. Chromate coatings showed anticorrosion abilities in many aggressive 
environments, however, it is extremely toxic and contemplated as an environment pollutant [2].  
Corrosion protection by organic coating is brought about by barrier effect and internal 
sacrificial electrode formation, protecting the underlying metal from further corrosion. 
Conventional polymer coating as polyvinyl butyral (PVB) is well known due to its superior 
characteristics, good scratch resistance and adhesion to metal surface [3]. In general, it is 
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reported that the additional of suitable reinforcing filler not only improve the adhesion strength 
between polymer and metal surface but also increase the diffusion paths of water and oxygen 
molecules through the coating, thus enhancing the corrosion resistance of the coating [4]. 
There are clear evidences that nanoparticles in polymer coating can increase the 
mechanical, thermal properties and corrosion resistance of the coating [5]. Nano silica is a 
potential candidate among the inorganic oxides in terms of high surface area, good dispersion, 
low cost and high efficiency [6]. Recently, organic/inorganic coating composites is received 
attentions from industrial and academic interests. The inorganic fillers can significantly enhance 
thermal stability and mechanical properties of polymers when organic compound with unusual 
characteristics can be used for several applications [7].  
Conducting polymers have become a new field of materials to be explored since the 
discovery of Heeger, Shirakawa and MacDiarmid in the late of 70’s [8-10].  Among these 
conducting polymers, Polypyrrole (PPy) is a promising candidate due to its friendly 
environmental, easy preparation, high electrical conductivity as well as corrosion inhibiting 
behavior. Nevertheless, PPy is insoluble in common solvents and has poor porosity and 
mechanical properties, limiting its processability in coating [11].  
All in all, it is believed that PPy provides corrosion protection for steel [12-13], however to 
completely understand about the mechanism is still challenging because of different possible 
oxidation states and experimental parameters. It has been suggested that PPy can reduce the rate 
corrosion by forming a protective barrier layer and anodic protection, occurring a shift in 
corrosion potential to more positive values [14]. Due to the balance of charge, negative 
dopantions such as oxalate, dodecyl sulfate, benzoate anions, cause compensating positive 
charges to be incorporated into the conjugated pi orbital system. Therefore, counter anions, 
which present in the backbone of PPy are carried out plays an important role in the doping-
dedoping process since it can be released from the polymer during the corrosion reactions [15-
16].  
In summary, it is noted that the corrosion protection of organic coating is enhanced in the 
presence of silica/polypyrrole composites. However, the mechanisms of corrosion protection are 
complex and understanding these mechanisms is complicated by many factors that are likely to 
influence the processes occurring. In previous study, we investigated that the presence of oxalate 
anion can significantly enhance the corrosion protection performance of PVB coating. 
Therefore, this study is focus to understand and highlight the effect of different counter anions to 
the corrosion performance of silica/polypyrrole composites. 
2. MATERIALS AND METHODS 
2.1. Chemicals 
Pyrrole (Merck, 97 %) was distilled before use. Tetraethyl orthosilicate (TEOS) was 
purchased from Daejung, Korea, 98 %; hydrogen chloride (HCl, 36.5 %), Iron (III) chloride 
hexahydrate (FeCl3.6H2O, 98 %), sodium oxalate (Na2C2O4, 99.5 %), sodium dodecyl sulfate 
(C12H25NaO4S), sodium benzoate (C7H5NaO2, 99 %), acetone (C3H7O, 99.5 %) and methanol 
(CH4O, 99.5 %), were purchased from Huakang, China; PVB was purchased from Sekisui, 
Japan. 
2.2. Sample preparation 
 
 




2.2.1. SiO2/PPyOx composites 
0.15 g of synthesized SiO2 (by sol-gel method, from TEOS and HCl) was dispersed in 0.3 
M of an oxidizing agent solution, FeCl3, by using an ultrasonic for 30 minutes. Then one of the 
three salt solutions: 2.5 mM of sodium oxalate, 2.5 mM of sodium dodecyl sulfate or 2.5 mM of 
sodium benzoate was added to this mixture and stirred at room temperature for 1 hour and 
labeled as SiO2/PPyOx,  SiO2/PPyODoS and SiO2/PPyBz, respectively. Then 0.01 M of pyrrole 
was injected slowly in the above mixture for the polymerization of the pyrrole monomer. This 
process was kept under stirring for 24 hours. Then the synthesized composites were washed with 
distilled water, and then with a mixture of methanol and acetone (volume ratio 1:1) to remove 
excess of oxidizing agent. Finally, the synthesized products were dried at 80 
o
C for 24 hours in a 
vacuum oven. 
2.2.2. PVB coatings 
Carbon steel plates (150 mm × 100 mm × 2 mm) were used as substrates. The chemical 
composition of the steel in weight percent including  0.35 % C, 0.65 % Mn, 0.25 % Si, 0.035 % 
P and Fe to balance (wt%). The sample surface was abraded with successive SiC papers from 80 
to 600 grades and washed with ethanol. The composites were incorporated in PVB coatings at 
10 wt.% and dispersed in PVB solution by magnetic stirring followed by an ultrasonic treatment 
(for 4 hours). The liquid paint was applied by spin coating and dried at ambient temperature for 
5 days. The dry film thickness was 11 ± 2 µm (measured by Minitest 600 Erichen digital meter).  
2.3. Analytical methods 
The particle size and morphology of synthesized composites were determined by field 
emission Scanning Electron Microscope using a Hitachi 4800 machine (SEM). 
Thermo gravimetric analyses (TGA) were performed using a TG 209 F1 Libra apparatus 
(Netzsch), in the range of 25-850 
o
C, with a heating rate of 10
o
C per minute in air.   
The FTIR spectra of synthesized composites were obtained using the KBr method KBr 
pellet technique on a Nicolet IS10 spectrometer operated at 1 cm
-1
 resolution in the range of 
400–4000 cm−1 region.   
The conductivity of synthesized composites was measured by cyclic voltammetry (CV) 
method through the two-point-electrode without electrolyte on an electrochemical workstation 
(IM6 Zahner- Elektrik). Samples were prepared in pellet form. The conductivity was calculated 
by the following equation: 
                           (1) 
where, σ is the conductivity (S/cm), ∆U is the potential difference (V), ∆I is the resulting current 
intensity (A), d is thickness of the sample (cm) and A is its area (cm
2
). 
Protection performance of coatings was evaluated by open circuit potential, Tafel 
polarization and electrochemical impedance measurements using a VMP3-BioLogic Science 
Instrument. A three-electrode cell was used with a platinum auxiliary electrode, a saturated 
calomel reference electrode (SCE) and a coated carbon steel working electrode with an exposed 
area of 11 cm
2
. Impedance measurements were performed in the 100 kHz–0.01 Hz frequency 
range at OCP by applying a 10 mV sinusoidal potential signal. The polarization curves were 
obtained starting from the open circuit potential and varying in the range ±200 mV, with a scan 
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rate of 5 mV/s. The values of corrosion potential (Ecorr), corrosion current density (icorr), anodic 
and cathodic Tafel constants(βa, βc) obtained by the extrapolation of the linear portions of Tafel 
plots. The polarization resistance (Rp) values were calculated by using the Stern–Geary equation 
(2).  
Rp=                                                                    (2) 
The corrosive medium was a 3 % NaCl solution. Each experiment was done at least three 
times. 
3. RESULTS AND DISCUSSION 
3.1. Analytical characterization 
Figure 1 showed the infrared spectra of SiO2, PPy, SiO2/PPyDoS, SiO2/PPyOx and 
SiO2/PPyBz. The spectrum of silica shows absorption bands of Si-O-Si antisymmetric and 
symmetric stretching vibration at 3450 cm
-1
 characteristic of –OH group and peaks at 1080 and 
464 cm
-1 
characteristic [17-18].  
The spectrum of PPy shows the characteristic bands attributable to the C–H in-plane 
deformation vibration at 1069 cm
–1
, C–C asymmetric stretching vibration at 1450 cm–1, ring-
stretching mode of pyrrole ring at 1530 cm
–1
, the peak occurring around 3572-3392 cm
–1
, 
correspond to the N-H stretch of the pyrrole ring and maybe stretching vibrations of adsorbed 
water [19].  
The spectra of SiO2/PPyBz illustrated a slight shifting of characteristic peaks of silica and 
polypyrrole and no other peak is observed. 
The spectrum of SiO2/PPyDos at 1527 cm
−1
 is associated with C-C stretching vibration and 
the peak at 1435 cm
−1





 are assigned to S=O stretching vibration of sulfonic acid and Si-O-Si, 
respectively. In sodium dodecyl sulfate, the corresponding vibration of S=O is at 1176 cm
−1
, the 
slight different here may be due to the band between PPy and dodecyl sulfate anion [20].  
  
Figure 1. FT-IR spectra of SiO2 (a), PPy (b), 
SiO2/PPyDoS (c), SiO2/PPyOx (d) and  
SiO2/PPyBz (e). 
Figure 2. EDX of composites SiO2/PPyOx (a), 








With SiO2/PPyOx, there are characteristic bands of PPy and SiO2. The absorption bands at 
1530, 1440 and 1075 cm
−1
 are associated with C-C, C-N and Si-O-Si vibrations, respectively. 
The shifting to lower wavenumbers may be attributed to the interaction between SiO2 and 
polypyrrole through hydrogen bonding between proton on N-H and oxygen atom on SiO2. 
Beside this, there are characteristic bands of oxalate anions attributable to C=O stretching 
vibrations at 1670 and 1710 cm
−1
. The bands at 1440 cm
−1
 may be corresponding to O–C=O 
stretching vibrations, which is overlapped by the peak of C-N vibration of PPy. These bands 
appear slightly displaced from the positions of the corresponding vibrations in sodium oxalate 
(1416 and 1633 cm
−1
) as would be expected for an anion that has been incorporated into 
composites by the O-H banding [21]. Thus, the FTIR spectra of the composite confirm the 
incorporation of PPy, SiO2 and counter anions. 
Table 1. EDX datas of composites SiO2/PPyOx, SiO2/PPyDoS and SiO2/PPyBz. 
                        Element 
Weight %  
C O N Si S 
SiO2/PPyOx 39.68 31.43 8.41 20.48 0.00 
SiO2/PPyDoS 39.73 28.94 7.05 21.19 3.19 




Figure 3. SEM images of SiO2/PPy (a), SiO2/PPyDoS (b), SiO2/PPyOx (c) and SiO2/PPyBz (d). 
Elemental composition of SiO2/PPyDoS, SiO2/PPyOx and SiO2/PPyBz which are 
determined by EDX are shown in Figure 2 and Table 1. The results show that composites are 
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mainly composed of carbon and nitrogen, which are the main elements in the pyrrole compound 
while oxygen and silicon from silica, sulfur from anion dodecyl sulfate.  
Figure 3 a, b, c and d present the SEM images of SiO2/PPy, SiO2/PPyDoS, SiO2/PPyOx and 
SiO2/PPyBz. The results showed that counter anions does not affect to the morphology of the 
composites. In the presence of anion dodecyl sulfate, oxalate and benzoat, the synthesized 
composites are spherical, about 20 to 50 nm.  
Figure 4 shows TGA thermograms of composites SiO2/PPy, SiO2/PPyDoS and 
SiO2/PPyOx. The weight loss occures in four different stages with a total mass loss of SiO2/PPy, 
SiO2/PPyDoS, SiO2/PPyOx and SiO2/PPyBz are 39 %, 52 %, 58 % and 59 % at 850 
o
C, 
respectively. The initial weight loss can be observed at temperatures below 100
o
C due to the 
elimination of absorbed water. The second stage can be observed from 100 to 300
o
C due to  the 
breaking of the bond affinity between the PPy and counter anion in the polymers [22]. 
The major mass loss occurs in the third stage, which takes place at temperatures above 
300
o
C and occurs until 750 
o
C. Thereafter, no appreciable changes in weight are observed in the 
polymer. The total weight loss of SiO2/PPyOx is higher than that of SiO2/PPyDoS, it may be 
explained as the following way. The decomposition temperature of SiO2 is about 1000 
o
C [23] so 
the higher percentage of silicon in SiO2/PPyDoS, the lower weight loss of nanocomposites, as 
evidenced by the EDX results. The same strategy can be used to understand the thermal stablity 
of SiO2/PPyBz, the higher composition of easy decomposition elements such as carbon, oxy, 
nitro, the higher total weight loss. 
 
 
Figure 4. TG (A) and DTG (B) diagrams of SiO2/PPy, SiO2/PPyOx, SiO2/PPyBz and SiO2/PPyDoS. 
3.2. Conductivity  
The electrical conductivities of SiO2/PPy, SiO2/PPyOx, SiO2/PPyBz and SiO2/PPyDoS 
were determined through CV-diagrams from Figure 5. The conductivities of SiO2/PPyOx, 
SiO2/PPyDoS and SiO2/PPyBz were 0.287, 0.109, 0.101 and 0.105 S/cm, respectively, 
calculated by equation 1. The decrease of conductivities might be due to the lower weight 
percentage of PPy in nanocomposites and the insulation of SiO2. 
 
 





Figure 5. CV-diagrams of SiO2/PPy, SiO2/PPyOx, SiO2/PPyDoS and SiO2/PPyBz. 
3.3. OCP 
Figure 6 shows the variation in open circuit potential of steel coated PVB with and without 
10 %: SiO2/PPy, SiO2/PPyDoS, SiO2/PPyOx or SiO2/PPyBz after 36 hours immersion in NaCl           
3 % solution. After immersion time, OCP of all the coatings tended to decline but in different rate.  
 
Figure 6. Open circuit potential for steel coated PVB and PVB containing 10 %: SiO2/PPy, SiO2/PPyOx, 
SiO2/PPyBz or SiO2/PPyDoS after 36 immersion hours in 3 % NaCl solution. 
At the beginning, the potential of steel coated PVB is lower (-0.55 V) and the potential of 
steel coated PVB with SiO2/PPy, SiO2/PPyOx, SiO2/PPyBz and SiO2/PPyDoS are higher, -0.25 
VSCE; -0.002 VSCE; -0.07 VSCE and -0.05 VSCE, respectively. It indicates that composites can shift 
the potential into anode areas by forming a passive oxide film. With steel coated PVB containing 
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SiO2/PPy, the potential decreases continuous after 2 hours, then it remain stable for 10 hours and 
continue decrease, reach -0.86 VSCE after 36 hours immersion.  
The potential of steel coated PVB containing SiO2/PPyOx decreases after hours immersion, 
reach -0.12 VSCE. In the case of SiO2/PPyDoS and SiO2/PPyBz, those values decline after 5 
immersion hours, attain -0.25 VSCE and -0.22 VSCE, respectively. That may be due to the 
uptaking of chloride ions to the coatings. But after that, the potential is remains stable for 22 and 
19 hours with SiO2/PPyOx and SiO2/PPyDoS, SiO2/PPyBz respectively. It emphasizes that 
coated steel samples are still in the passive state because of the reduction of PPy and releasing of 
counter anions, simultaneously. This shows that coatings have exhibited effective barrier 
behavior and limited the motion of corrosive agent towards the underlying steel. After that, the 
potentials of steel coated with PVB-SiO2/PPyOx, PVB-SiO2/PPyBz and PVB-SiO2/PPyDoS 
continue decrease, reach -0.3 VSCE, -0.33 VSCE and -0.365 VSCE after 36 exposure hours, 
respectively. These results indicated that SiO2/PPyOx shows the best corrosion inhibitor ability. 
 3.4. Tafels polarization curves 
Figure 7 show Tafels polarization curves for steel coated with PVB and PVB containing            
10 % SiO2/PPy, SiO2/PPyOx, SiO2/PPyDoS and SiO2/PPyBz after 24 hours immersion in 3 % 
NaCl solution. The values of corrosion potential (Ecorr), corrosioncurrent density (icorr), anodic 
and cathodic Tafel constants (βa, βc), polarization resistance (Rp) are given in Table 2. 
 
Figure 7. Tafel plots of steel coated with PVB (a), PVB containing 10% of: SiO2/PPy (b),                 
SiO2/PPyDoS (c), SiO2/PPyOx (d) or SiO2/PPyBz (e) in 3% NaCl solution after 24 hours immersion. 
The occurrence of notably higher value of anodic and cathodic Tafel constants for PVB 
coatings with nanocomposites implies the effective role of nanocomposites in cotrolling anodic 
and cathodic corrosion reactions. Futher, compared with steel coated with PVB (-0.611 VSCE), 
the corrosion potential for steel coated with PVB-SiO2/PPy, PVB-SiO2/PPyDoS and PVB-
SiO2/PPyOx shift to more positive regions (-0.482 VSCE, -0.298 VSCE, -0.254 VSCE and -0.242 
VSCE, respectively) after 24 hours immersion. In addition, the corrosion current density decrease, 




) > steel coated with PVB-SiO2/PPy 
 
 






















On the contrary, the polarization resistance values of samples are followed the opposite order. 
These results indicated that composites of SiO2/PPyDoS, SiO2/PPyBz and SiO2/PPyOx play an 
important role and SiO2/PPyOx composite shows the best corrosion protection performance. 
Table 2. Ecorr, icorr, βa, βcand Rp values of the steel coated with PVB, PVB containing 10 % SiO2/PPy, 























































































Bode graphs of PVB, PVB containing 10 % SiO2/PPy, SiO2/PPyBz, SiO2/PPyDoS coatings 
after 1 hour exposure in 3 % NaCl solution are shown in Figure 8. Impedance module of coating 
containing composite showed the higher value than that of coating without composite. More 
interesting, phase plots of all coatings show only one time constant supporting the reaction on 
the coating surface.  
 
 
Figure 8. Bode plots of steel coated with PVB and PVB containing composites after 1 hour immersion. 
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In the low frequencies zone from 0.01 Hz to 1 Hz, impedance module value of steel coated 
with PVB- SiO2/PPy is 8 times higher than that of steel coated with PVB. At 1 Hz, impedance 







 Ω.cm-2, respectively, about 30 times higher than that of PVB-SiO2/PPy 
(6.28×10
4
 Ω.cm-2). The impedance module in low frequency zone is presented for the corrosion 
reactions at the interface between coating and steel, the high values in this zone indicated the 
presence of counter anions can enhance the corrosion protection behavior of PVB coating. These 
results indicated that after 1 hour exposure, the steel surface is protected from the corrosive ions 
in solution. 
After 24 hours of immersion (Figure 9), it is clear to observe the decrease of protection 
ability of PVB coating with steel, impedance module graph shows the same trend with uncoated 
steel. With the presence of composites, these values also reduce but always higher than that of 
samples without composites. These results are confirmed by the phase diagram, with the 
appearance of two time constants with PVB, PVB-SiO2/PPy, SiO2/PPyDoS and PVB-
SiO2/PPyBz, supporting the diffusion of corrosive agent towards the underlying steel. On the 
other hand, with PVB-SiO2/PPyOx, only one time constants is observed and the maximal phase 
angle values are high in a wide frequency range, showing the protective properties of coating. 






with PVB-SiO2/PPyDoS, PVB-SiO2/PPyBz and PVB-SiO2/PPyOx, respectively. 
These obtained results confirm that oxalate anion offers more effective protection which 
may be due to its size. Polypyrrole with small incorporated counter anions as oxalate exhibits 
anion exchange behavior due the high mobility of anion in its matrix. Then corrosive agent such 
as chloride anion is trapped in the polymer matrix thus the steel surface is protected. When 
oxalate anions are released, it can incorporate with ferric cations to form ferric oxalate complex, 
a second passive layer. 
 
 
Figure 9. Bode plots of steel coated with PVB and PVB containing composites after 24 hours 
immersion. 
Impedance modulus at low frequency |Z100mHz| is an important factor to evaluate corrosion 
resistant properties of coatings. Figure 10 shows the |Z100mHz| of different coatings on steel after 
immersion times in 3 % NaCl solution. The |Z100mHz| values follow the order: PVB < PVB-
 
 




SiO2/PPy < PVB-SiO2/PPyDoS < PVB-SiO2/PPyBz < PVB-SiO2/PPyOx. It proves that the 
existence of counter anions can improve the anticorrosion performance of PVB coatings. 
EIS data suggest that PVB-SiO2/PPyOx coating should have better corrosion resistant 
properties than PVB-SiO2/PPyDoS and PVB-SiO2/PPyBz coating due to its much higher 
impedance values, in particular at the low frequency. Therefore, the EIS results are in agreement 
with the results obtained by open circuit potential. 
 
Figure 10. |Z100mHz| of steel coated with PVB and PVB containing composites after 24 hours immersion. 
4. CONCLUSIONS 
The protection performance of PVB coating containing silica/polypyrrole composites with 
different counter anions (dodecyl sulfate, oxalate and benzoate) was investigated by 
electrochemical characterizations. It was shown that the presence of counter anion significantly 
enhanced the effect of SiO2/PPy on protection performance of PVB coatings for carbon steel, 
especially oxalate anion, by dual mechanism by forming a passivating layer as well as increasing 
physical barrier ability. These results reveal that the silica/polypyrrol-oxalate composite has 
good corrosion protection properties and it can be considered as a potential inhibitor for PVB 
coating for the corrosion protection of carbon steel in 3 % NaCl solution.  
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